Fusion transcripts are used as biomarkers in companion diagnoses. Although more than 15,000 fusion RNAs have been identified from diverse cancer types, few common features have been reported. Here, we compared 16,410 fusion transcripts detected in cancer (from a published cohort of 9,966 tumor samples of 33 cancer types) with genome-wide RNA-DNA interactions mapped in two normal, non-cancerous cell types (using iMARGI, an enhanced version of the MARGI [Mapping RNA-Genome Interactions assay]). Among the top 10 most significant RNA-DNA interactions in normal cells, 5 co-localized with the gene pairs that formed fusion RNAs in cancer. Furthermore, throughout the genome, the frequency of a gene pair to exhibit RNA-DNA interactions is positively correlated with the probability of this gene pair to present documented fusion transcripts in cancer. To test whether RNA-DNA interactions in normal cells are predictive of fusion RNAs, we analyzed these in a validation cohort of 96 lung cancer samples using RNA-seq. 37 out of 42 fusion transcripts in the validation cohort were found to exhibit RNA-DNA interactions in normal cells. Finally, by combining RNA-seq, single-molecule RNA FISH, and DNA FISH, we detected a cancer sample with EML4-ALK fusion RNA without forming the EML4-ALK fusion gene. Collectively, these data suggest a novel RNA-poise model, where spatial proximity of RNA and DNA could poise for the creation of fusion transcripts. 1 2 3 4 5 6 7 8 9 10 11 fusion transcript | RNA-DNA interaction | RNA-poise model F usion transcripts are associated with diverse cancer types and have been proposed as diagnostic biomarkers (1-3). 11
to the very small likelihood for a fusion transcript to occur in a cancer sample, we carried out two other tests. First, we tested 98 whether the cancer-derived Futra pairs were detectable in normal cells. We re-analyzed the merged RNA-seq datasets of more 99 than 75 million 2×100 bp paired-end read pairs from HEK293T cells (16) and ran STAR-Fusion (17) on these datasets, which 100 reported a total of 8 Futra pairs. None of the previously derived 15,144 Futra pairs from TCGA RNA-seq data were detected 101 in HEK293T cells. In addition, we specifically tested for EML4-ALK fusion transcripts, which were reported in non-small cell 102 lung carcinoma (NSCLC) (18), and there were RNA-DNA interactions between EML4 RNA and ALK genomic locus in HEK and HFF cells (Fig. 6A ). Neither PCR nor quantitative PCR analysis detected EML4-ALK fusion transcripts in HEK293T 104 cells (SI Appendix, Fig. S6 H2228  1  3  10  11  13  14  15  17  18  19  21  22  23  24  25  26  27  28  30  31  32  33  35  36  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  55  56  57  58  59  60  61  62  64  73  74  75  76  77  78  79  80  81  82  83  84  87  88  89  90  91  92 
RNA-DNA interaction between EML4 and ALK correlates with an RNA fusion without fusion gene in tumor.
We tested whether 130 genome re-arrangement is a prerequisite step for the creation of fusion transcripts from fusion susceptible pairs by choosing 131 EML4-ALK fusion transcripts for this test because EML4-ALK is a fusion susceptible pair (Fig. 6A ), EML4-ALK fusion 132 transcripts are detected in one of our new tumor samples (Sample #44) ( Fig. 6B ) and there is an FDA approved diagnosis kit 133 (Vysis ALK Break Apart FISH) based on DNA FISH detection of the EML4-ALK fusion gene. We subjected the remaining 134 tissue from Sample #44 for DNA FISH analysis. None of our 8 attempts yielded any DNA FISH signal in the remaining tissue 135 from either control or ALK probes. We therefore could not ascertain whether there was genome re-arrangement in the only 136 sample with detectable EML4-ALK fusion transcripts.
137
In order to identify other cancer samples that express EML4-ALK fusion transcripts, we re-analyzed our collection of 96 lung 138 cancer samples with FuseFISH, a single-molecule fluorescence in situ hybridization (sm-FISH) based method for the detection 139 
RNA-poise model
Targeting-poise Confinement-poise Fig. 7 . RNA-poise model. In this model, the transcripts of one gene (RNA 1, purple bar) can exhibit spatial proximity to another gene (RNA 2, blue bar) due to tethering (RNA targeting) or spatial proximity of the two genes (RNA confinement). Both cases could enhance splicing errors (grey arrows), whereas the proximity of genomic sequences may also facilitate gene fusion (grey arrow on the right), which subsequently produces fusion RNA.
of fusion transcripts (19, 20) . We carried out quantum dot-labelled sm-FISH (21) by labelling EML4 and ALK transcripts 140 with quantum dots at 705 nm and 605 nm, respectively (SI Appendix, Fig. S7 ). The FISH probes were designed to hybridize 141 to the consensus exons shared among all 28 variants of EML4-ALK fusion transcripts that have been identified to date (22).
142
Following prior literature (19, 20) , fusion transcripts were detected by the co-localized sm-FISH signals targeting EML4 and 143 ALK transcripts. In a positive control test, an average of 12 co-localized sm-FISH signals per cell were detected in a total of 22 144 H2228 cells (SI Appendix, Fig. S8 ), that were known to express EML4-ALK fusion transcripts (SI Appendix, Fig. S6 ) (23). In 145 contrast, HEK293T cells exhibited on average zero co-localized signals per cell from 19 cells (SI Appendix, Fig. S8 ), consistent 146 with the lack of such a fusion transcript in HEK293T cells (SI Appendix, Fig. S6 ).
147
In our collection of 96 tumor samples, only 57 had remaining tissues for FuseFISH analysis. These 57 samples included 39 148 that yielded RNA-seq data and 18 that did not yield RNA-seq data (Fig. 6B) . The FuseFISH analysis detected EML4-ALK 149 fusion transcripts in two samples, including Sample #44 which was also analyzed by RNA-seq and Sample #37 which did not 150 yield RNA-seq data ( Fig. 6 B and C) . To test whether Sample #37 had ALK-related fusion genes, we subjected it together 151 with other 6 randomly selected samples (#18, #51, #56 #57, #63, #65) for DNA re-combination analysis using Vysis ALK The RNA-poise model fills this theoretical gap. The pre-installation of Gene 1's transcripts on Gene 2's genomic sequence 177 positions Gene 2's nascent transcripts spatially close to Gene 1's transcripts, allowing for the possibility of trans-splicing. 178 Furthermore, the majority of splicing events are co-transcriptional. The availability of transcripts of Gene 1 during Gene 2's 179 transcription allows for the opportunity of making co-transcriptional trans-splicing.
180
Breaking down the RNA-poise model by RNA-DNA interactions. Remote RNA-DNA interactions could be created by at least 181 two means. First, the caRNA can target specific genomic sequences, which could be mediated by tethering molecules (RNA 182 targeting, Fig. 7) . Second, the spatial proximity of the genomic sequences in 3D space could bring the nascent transcripts of 183 one gene to the genomic sequence of another gene (RNA confinement, Fig. 7 ). Both means of RNA-DNA interactions provide 184 spatial proximity between two RNA molecules and thus allows for splicing errors. In addition, the spatial proximity of two genes 185 in the RNA confinement model could enhance the chances of genome re-arrangement of the spatially close genomic sequences 186 and thus creating fusion genes (25). Thus, the RNA-poise model can be regarded as a union of two sub-models depending 187 on the process of RNA-DNA interaction. One sub-model (Targeting-poise, Fig. 7 ) could only create fusion transcripts by 188 trans-splicing. The other sub-model (Confinement-poise, Fig. 7 ) could create fusion transcripts by either trans-splicing or 189 creation of fusion genes.
Mapping iMARGI read pairs. The detailed iMARGI data processing methods can be found in our GitHub repository https://github.com/Zhong-Lab-UCSD/iMARGI_methods. Briefly, it includes three main steps. First, the read pairs were cleaned by 235 in-house scripts. According to the library construction design, read pairs were filtered out if the 5'-most two bases of their DNA end (Read 236 2) were not "CT". Besides, the first two bases of RNA end (Read 1) were removed as they are random nucleotides. Then, the cleaned 237 read pairs were mapped to the human genome (hg38) using bwa mem (version 0.7.17) with parameters "-SP5M" (32). Finally, pairtools 
